study hypothesis: Given the importance of the chaperone Heat Shock Protein A2 (HSPA2) in the regulation of male fertility, this study aimed to identify and characterize additional proteins that may rely on the activity of this chaperone in human spermatozoa. study finding: In view of the findings in this study we propose that angiotensin converting enzyme (ACE) and protein disulfide isomerase A6 (PDIA6) are novel interacting proteins of HSPA2 and that this multimeric complex may participate in key elements of the fertilization cascade.
Introduction
Notwithstanding a transient period of interaction with the epithelial cells of the oviduct, spermatozoa possess the unique ability to disregard the presence of the millions of cells they encounter within the female reproductive tract before undergoing a resolute interaction with the ovulated oocyte. Given this, it is no surprise that spermatozoa possess a highly sophisticated cell receptor system for recognition of the outer vestments of the egg, the zona pellucida (ZP; Asquith et al., 2004; Bernabò et al., 2014; Dun et al., 2011; Tanphaichitr et al., 2015) . Nevertheless, efforts to tease out the importance of molecules with affinity for the zona pellucida using gene manipulation technology have revealed a high level of redundancy in receptor protein function (as reviewed by Okabe 2015) , perhaps to ensure the soundness of the important interface that leads to fertilization.
Our previous work has shown that the collaborative action of sperm proteins at the cell surface is reliant upon the activity of molecular chaperones to ensure the correct temporal and spatial location of zona pellucida receptors Redgrove et al., 2011 Redgrove et al., , 2012 Redgrove et al., , 2013 . In the case of human spermatozoa, the assembly of a majority of these protein complexes appears to be regulated by the chaperoning activity of Heat Shock Protein A2 (HSPA2; Redgrove et al., 2012; Bromfield et al., 2015a) . While the function of this chaperone is known to be critical throughout spermatogenesis (Huszar et al., 1997 ; as reviewed by Scieglinska and Krawczyk, 2015) , its implication in protein complex regulation in mature spermatozoa has recently been examined by exploring the dynamics of two of its zona pellucida receptor-substrates: Sperm Adhesion Molecule 1 (SPAM1) and Arylsulfatase A (ARSA) (Redgrove et al., 2012) .
During the processes of epididymal maturation and capacitation, the sperm surface experiences a dynamic transformation to ensure the correct suite of proteins reach the sperm surface in preparation for zona pellucida adhesion (Phillips et al., 1991; Gadella et al., 2008; Tsai et al., 2010) . A key example of this process lies in the HSPA2-dependent reorganization of SPAM1 and ARSA that culminates in the timely presentation of ARSA at the surface of capacitated spermatozoa prior to zona pellucida interaction (Redgrove et al., 2012 (Redgrove et al., , 2013 . However, this tightly regulated event can be disrupted by the accumulation of oxidative stress whereupon the affected spermatozoa have severely reduced ARSA surface expression and a limited ability to interact with human zonae pellucidae (Bromfield et al., 2015b) . Furthermore, this defect is tied to the modification and subsequent attenuation of HSPA2 function through chemical modification of the chaperone by the lipid peroxidation product 4-hydroxynonenal (4HNE). While model systems have taught us that the functions of numerous HSP70 family proteins are interchangeable (Kabani and Martineau, 2008) , it seems that in spermatozoa the biological function that is lost with this particular isoform (HSPA2) does not appear to be supported by the action of other HSP70 proteins present in the cell (Redgrove et al., 2012; Bromfield et al., 2015b) . This is particularly alarming as a cohort of infertile patients presenting with sperm-egg recognition defects, the cause of repeated in vitro fertilization (IVF) failure, possess spermatozoa that are deficient in HSPA2 protein expression (Ergur et al., 2002; Redgrove et al., 2012; Motiei et al., 2013) .
As we have confirmed that the attenuation of HSPA2 function has deleterious effects on protein complex function in human spermatozoa (Bromfield et al., 2015b) , we were interested in determining additional binding-proteins of HSPA2 that may be affected by its deficiency in the patient population. This would allow us to further understand the pathology of this condition as well as determine the extent to which HSPA2 governs sperm function. In this light, the current study aimed to identify and characterize additional interacting partners of HSPA2 in human spermatozoa. Specifically, we provide evidence for the novel association of HSPA2 with the testicular isoform of angiotensin converting enzyme (tACE), the ablation of which results in severe subfertility in genemanipulated mice (Kessler et al., 2000) , and protein disulfide isomerase A6 (PDIA6; previously ERP5), an important candidate for the regulation of cell -cell adhesion in biological systems, and discuss the putative roles of these proteins in relation to human sperm function.
Materials and Methods

Ethical approval
The experiments described in this study were conducted using human semen samples obtained from a panel of healthy normozoospermic donors in accordance with the University of Newcastle's Human Ethics Committee guidelines (Approval No. H-2013-0134) .
Reagents
Unless specified, research grade chemical reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA). The following primary antibodies were purchased to characterize proteins of interest: a mouse monoclonal antibody to angiotensin converting enzyme (ACE) was purchased from Santa Cruz Biotechnology (Dallas, Texas, USA) [Cat # Sc-23908]), a rabbit polyclonal anti-protein disulfide isomerase 6 (PDIA6) was purchased from Sigma (Cat # HPA034653) and a rabbit polyclonal antibody to HSPA2 was from Sigma-Aldrich (Cat # HPA000798). Albumin and 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) were obtained from Research Organics (Cleveland, OH, USA). D-Glucose, sodium hydrogen carbonate, sodium chloride, potassium chloride, calcium chloride, potassium orthophosphate, and magnesium sulfate were all analytical reagent grade, purchased from Merck (BDH Merck, Kilsyth, VIC, Australia). Tris was from ICN Biochemicals (Castle Hill, NSW, Australia), and Percoll and nitrocellulose was from GE Healthcare (Rydalmere, NSW, Australia). Highly pure Coomassie Brilliant Blue G250 was obtained from Serva (Heidelberg, Germany) and SYTOX green cell vitality stain was purchased from Invitrogen (Carlsbad, CA, USA). Mowiol 4-88 was from Calbiochem (La Jolla, CA, USA), and paraformaldehyde was supplied by ProSciTech (Thuringowa, Australia). Appropriate HRP conjugated secondary antibodies were obtained from Santa Cruz Biotechnology and Sigma-Aldrich. Testis sections were purchased from Abcam (Cat # Ab4373) and proximity Ligation Assay reagents were purchased from Duolink (OLINK Biosciences, Uppsala, Sweden).
Human sperm preparation
Enrichment of human spermatozoa was achieved using 45 and 90% discontinuous Percoll gradients as described previously . High quality spermatozoa were recovered from the base of the 90% Percoll fraction and resuspended in a bicarbonate-free non-capacitating (NC) form of Biggers, Whitten and Whittingham medium (NC BWW; Biggers et al., 1979) composed of 91.5 mM NaCl, 4.6 mM KCl, 1.7 mM CaCl 2 .2H 2 O, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 .7H 2 O, 5.6 mM D-glucose, 0.27 mM sodium pyruvate, 44 mM sodium lactate, 5 U/ml penicillin, 5 mg/ml streptomycin and 20 mM HEPES buffer and 1 mg/ml polyvinyl alcohol (osmolarity of 300 mOsm/kg). The cells were then pelleted by centrifugation at 500g for a further 15 min and resuspended at a concentration of 10 × 10 6 cells/ml.
Sperm capacitation
To induce capacitation in vitro, human spermatozoa were resuspended in a capacitating (CAP) form of BWW composed of 91.5 mM NaCl, 4.6 mM KCl, 1.7 mM CaCl 2 .2H 2 O, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 .7H 2 O, 25 mM NaHCO 3 , 5.6 mM D-glucose, 0.27 mM sodium pyruvate, 44 mM sodium lactate, 5 U/ml penicillin, 5 mg/ml streptomycin, 20 mM HEPES buffer and 1 mg/ml polyvinyl alcohol (PVA) (osmolarity of 300 mOsm/kg) and supplemented with 3 mM pentoxifylline and 5 mM dibutyryl cyclic adenosine monophosphate (dbcAMP). Cells were incubated in this medium for 3 h at 378C under an atmosphere of 5% CO 2 : 95% air with cells resuspended at a concentration of 10 × 10 6 cells/ml. Non-capacitated cells were incubated for the same period of time (without exposure to CO 2 ) in BWW prepared without NaHCO 3 (NC BWW). Following incubation, cell motility was assessed through phase-contrast microscopy. Populations of spermatozoa were then used for the assays outlined below.
Blue Native polyacrylamide gel electrophoresis
Capacitated spermatozoa were prepared for Blue Native polyacrylamide gel electrophoresis (BN-PAGE) as previously described (Redgrove et al., 2013) . Briefly, cell pellets were resuspended in native lysis buffer consisting of 1% n-dodecyl b-D-maltoside, 0.5% Coomassie Blue G250 and a cocktail of protease inhibitors (Roche, Mannheim, Germany) and incubated at 48C on an orbital rocker for 30 min. Samples were centrifuged for 20 min at 14 000g and then dialysed against Blue Native cathode buffer (purchased from Invitrogen, Carlsbad, CA, USA) overnight at 48C. Dialysed native protein lysates were loaded onto blue native polyacrylamide gels (Native-PAGE Novex 4 -16%, Bis-Tris gels; Invitrogen) and resolved using a Native-PAGE cathode and anode buffer (Redgrove et al., 2011 ) and run at 48C at 100 V for the duration of the stacking gel layer and at 200 V for the resolving gel layer for 3 h. Following retrieval from the cassettes, gels were either stained with Coomassie G250 or prepared for western blotting.
Mass spectrometry and protein identification
Mass spectrometry (MS) analyses were performed at the Australian Proteome Analysis Facility using a one-dimensional (1D) nano-liquid chromatography electrospray ionization MS/MS interface, as previously described (Redgrove et al., 2011) . Peptide data were exported in a format suitable for submission to the database search program, Mascot (Matrix Science Ltd, London, UK). Peaklists were searched against Homo sapiens in the SwissProt database (2013) . High scores in the database search indicate a likely match, which was confirmed or qualified by operator inspection. Search results were generated with a significance threshold of P , 0.02 with a cut-off score of 34 for all samples and a peptide mass tolerance of +300 ppm, a fragment mass tolerance of +0.6 Da, and maximum trypsin missed cleavages set to 1.
SDS-PAGE and western blotting
Following treatment, human spermatozoa were pelleted via centrifugation and resuspended for protein extraction as previously described (Reid et al., 2012) . Protein extracts were then boiled in the presence of NuPAGE LDS sample buffer (Invitrogen) containing 8% b-Mercaptoethanol, subjected to SDS-PAGE using 4 -12% BIS-TRIS gels (Invitrogen) and then electro-transferred to nitrocellulose membranes using conventional western blotting techniques (Towbin et al., 1979) . To detect proteins of interest, membranes were blocked in 3% BSA in Tris-buffered saline supplemented with 0.1% Tween-20 (TBST, pH 7.4) then probed with either anti-HSPA2 (diluted 1:1000), anti-ACE (1:500), anti-PDIA6 (1:1000) or antitubulin (1:4000) in TBST supplemented with 1% BSA under constant rotation overnight at 48C. Membranes were washed in TBST (3 × 10 min) and labelled proteins were visualized using an enhanced chemiluminescence detection kit (ECL plus, GE Healthcare, Buckinghamshire, United Kingdom) according to the manufacturer's instructions.
Immunohistochemistry
Embedded testis tissue was dewaxed and rehydrated as previously described (Reid et al., 2012) and sections were subjected to antigen retrieval via immersion in 10 mM sodium citrate (pH 6) and microwaving at 1000 W for 10 min. Subsequent incubations were performed as previously described by Reid et al. (2012) 
Immunocytochemistry
Following capacitation, spermatozoa were fixed in 4% paraformaldehyde, washed three times with 0.05 M glycine in phosphate-buffered saline (PBS) and then applied to poly-L-lysine coated glass coverslips. Cells were permeabilized with 0.2% Triton X-100, then placed in a humid chamber and blocked in 3% BSA/PBS for 1 h. Coverslips were then washed in PBS and incubated in appropriate primary antibodies diluted 1:100 (anti-HSPA2), 1:50 (anti-ACE; anti-PDIA6) or 1:100 (anti-phosphotyrosine PT66) with 1% BSA/PBS overnight at 48C. Following this, coverslips were washed (3 × 5 min) in PBS before applying appropriate secondary antibodies diluted 1:100 with 1% BSA/PBS for 1 h at RT. Coverslips were washed in PBS (3 × 5 min) before mounting in 10% mowiol 4-88 (Calbiochem) with 30% glycerol in 0.2 M Tris (pH 8.5) and 2.5% 1,4-diazabicyclo-(2.2.2)-octane (DABCO). Immunolocalization of target antigens were examined with a Zeiss LSM510 laser scanning confocal microscope (Carl Zeiss Pty, Sydney, Australia). Human spermatozoa were classified as phosphotyrosine (PT66) positive when displaying uniform fluorescence across the full length of the sperm flagella, as previously described (Urner and Sakkas, 2003) .
Duolink proximity ligation assay
Duolink in situ proximity ligation assays (PLAs) were conducted in accordance with the manufacturers' instructions on fixed human spermatozoa adhered to poly-L-lysine coated coverslips (OLINK Biosciences, Uppsala, Sweden). Briefly, samples were blocked in Duolink blocking solution and then incubated with primary antibodies (anti-ACE, anti-PDIA6, anti-HSPA2, and antiTubulin) overnight at 48C. Oligonucleotide conjugated secondary antibodies (PLA probes) were then applied for 1 h at 378C and ligation of the PLA probes was performed and the signal amplified according to the manufacturer's instructions. The fluorescent signal generated when molecules are in close association (, 40 nm) was visualized using fluorescence microscopy and could be quantified by recording the proportion of 100 spermatozoa displaying a collection of red fluorescent dots over the sperm head. Specificity of this reaction was ensured by performing proximity ligation with antibodies to the target antigens combined with anti-tubulin antibodies with which they should not interact.
Immunoprecipitation
Non-capacitated and capacitated spermatozoa were prepared as above and cell lysis was performed on populations of 100 × 10 6 cells from each treatment at 48C for 2 h in lysis buffer consisting of 10 mM CHAPS, 10 mM HEPES, 137 mM NaCl and 10% glycerol with the addition of protease inhibitors (Roche). The cell lysates were then added to 50 ml aliquots of washed protein G Dynabeads and incubated under rotation to preclear at 48C for 1 h. Anti-HSPA2 antibody, 10 mg in 200 ml of PBS, was conjugated to fresh aliquots of washed (supernatant removed) Dynabeads by incubation for 2 h at 48C under rotation. Following antibody binding, the cross-linking reagent, 3,3 ′ -dithiobis[sulfosuccinimidylpropionate] (DTSSP), was added at a final concentration of 2 mM and cross-linking was performed at RT for 30 min after which 20 mM TRIS was added to each tube for an additional 15 min at RT to quench the reaction.
Immunoprecipitation was then performed by adding 1 ml pre-cleared lysate to HSPA2 antibody bound beads and incubating under rotation overnight at 48C. After incubation, supernatants were transferred to clean tubes and washed (3×) in 200 ml of PBS. Target antigen was eluted from the beads by boiling in the presence of SDS loading buffer containing 8% b-Mercaptoethanol. The same elution step was performed on preclear beads and these solutions were loaded onto a NuSep 4 -20% TRIS-Glycine gel for analysis via SDS-PAGE. In addition, bead-only and antibody-only controls were prepared by loading 10 ml of protein-G bead slurry and 5 ml of anti-HSPA2 in the presence of SDS-loading buffer into appropriate gel lanes. Gels were loaded in triplicate, resolved at 150 V for 1 h and prepared for immunoblotting with anti-ACE, anti-HSPA2 and anti-PDIA6 antibodies.
Inhibition of angiotensin converting enzyme
Captopril, an extensively studied inhibitor of ACE was utilized at doses that have been previously recognized to be effective for the inhibition of ACE in human spermatozoa (Foresta et al., 1991) . Human spermatozoa were incubated in capacitating media supplemented with 25, 50, 100, 150 and 200 mM captopril (Cat # C4042; Sigma) throughout the 3 h capacitation period. Following this incubation, spermatozoa were washed with BWW and prepared as specified below.
Membrane fluidity and membrane raft labelling
Merocyanine 540 (Sigma) was used to assess membrane fluidity of human spermatozoa. Following capacitation, aliquots of human sperm from each treatment were diluted to 1 × 10 6 cells/ml and incubated in SYTOX green vitality stain at 378C for 10 min. This preparation was washed once in BWW and then incubated in 2.7 mM merocyanine 540 at 378C for 10 min. After re-suspending cells in BWW, 200 cells from each treatment were scored on a Zeiss fluorescence microscope at excitation wavelengths 590 nm (merocyanine 540), 470 nm (SYTOX green) (Carl Zeiss, Thornwood, NY, USA). Merocyanine positive sperm were identified through bright red fluorescence over the entire head and the absence of SYTOX green staining. The localization of membrane raft marker, G M1 ganglioside, was visualized in human spermatozoa by staining with Alexa Fluor 488-labelled B subunit of cholera toxin (CTB) as previously described . For each treatment, 200 cells were classified into two fluorescent patterns (head and tail or head only labelling) and representative images were taken.
Acrosome reaction
To induce acrosomal exocytosis, human spermatozoa were incubated for 30 min with 1.25 mM calcium ionophore (A23187). Sperm were then incubated in pre-warmed hypo-osmotic swelling media (HOS; 0.07% w/v sodium citrate; 1.3% w/v fructose) for a further 30 min at 378C. Sperm preparations were washed in PBS, placed on poly-L-lysine coated slides and allowed to air dry. The cells were then permeabilized in ice-cold methanol and subjected to immunocytochemistry with tetramethylrhodamine (TRITC) labelled peanut agglutinin lectin (PNA, 1:200), as previously described (Redgrove et al., 2013) . The acrosomal status of human spermatozoa was assessed with a Zeiss LSM510 laser scanning confocal microscope.
Acrosome reacted cells were identified by the appearance of a curled tail and either the complete absence of PNA staining over the acrosomal region or the restriction of this labelling to the equatorial segment of the sperm head.
Induction of oxidative stress in Human Spermatozoa
Oxidative stress was induced in populations of non-capacitated human spermatozoa through treatment with 50 mM hydrogen peroxide (H 2 O 2 ) as described previously (Bromfield et al., 2015b) . Cells at a concentration of 10 × 10 6 cells/ml were resuspended in H 2 O 2 and then incubated for 1 h at 378C. Treated spermatozoa were then washed once in noncapacitating BWW (NC) and then capacitated under standard capacitating conditions or in the presence of capacitating media supplemented with 1 mM D-penicillamine (as described by Bromfield et al., 2015b) .
Surface labelling of human sperm proteins
Non-capacitated, capacitated, H 2 O 2 treated and penicillamine treated sperm suspensions were incubated with primary antibodies, Anti-ACE (1:50), Anti-PDIA6 (1:50), Anti-HSPA2 (1:100) or Anti-CD59 (1:100) for 1 h. The cells were subsequently washed 2× with BWW and incubated with fluorescein isothiocyanate (FITC)-conjugated secondary antibody (diluted 1:200) for a further 30 min. Following three washes with BWW, the cells were incubated with 20 mg/ml of propidium iodide (PI) for 1 min and assessed for surface fluorescence using a Zeiss fluorescence microscope. Anti-CD59 was used as a positive control for surface expression in human spermatozoa and the proportion of sperm expressing ACE, PDIA6 or HSPA2 on their surface was recorded for 200 cells from each treatment.
Statistical analyses
All experiments were replicated at least 3× with independent samples and data are expressed as mean values + SE. Statistical analysis was performed using a two-tailed, unpaired Student's t-test using Microsoft Excel (Version 14.0.0). Differences were considered significant for P , 0.05.
Results
Identification of HSPA2-interacting proteins and confirmation of their interaction through BN-PAGE and immunoprecipitation
To identify potential binding proteins of the chaperone HSPA2 in capacitated human spermatozoa, liquid chromatography mass spectrometry (LC-MS) was performed on protein bands excised from BN-PAGE gels. BN-PAGE gels were aligned with anti-HSPA2 western blots (as shown in Fig. 1A ) and two corresponding HSPA2-laden complexes were prepared for MS analysis (as previously described by Redgrove et al., 2013) . The identification of peptides corresponding to HSPA2 was confirmed for each excised band and from these analyses, two key complexes of 280 kDa and 180 kDa, respectively, were chosen for characterization. In addition to HSPA2, the larger of these complexes was found to contain a metalloprotease of the ADAM family of proteins (ADAM30) and BCL-2 associated athanogene 6 (BAG6), a known regulator of HSPA2 stability (Sasaki et al., 2008) . The characterization of this complex throughout human germ cell development was recently reported (Bromfield et al., 2015a) .
Within the smaller 180 kDa complex, high confidence identifications were returned for seven peptides uniquely corresponding to angiotensin converting enzyme (ACE), a single peptide mapping to protein disulfide isomerase A6 (PDIA6), and 10 peptides uniquely corresponding to human HSPA2 (Table I) . Given the well-characterized role of ACE and the protein disulfide isomerase (PDI) family in mouse spermegg interaction, the current study focused on investigating the interaction between these proteins in human spermatozoa.
Based on previous studies it is known that human tissues harbour two isoforms of ACE. One of these is a somatic isoform of ACE (sACE, 140 -180 kDa) that has been implicated in the renin-angiotensin system (Skeggs, 1993) and the second is a germinal or testicular form of ACE that is expressed exclusively in post-meiotic male germ cells (tACE; 80-110 kDa) (El-Dorry et al., 1982; Howard et al., 1990) . As the peptides identified in our mass spectrometry analysis did not map exclusively to tACE, a monoclonal anti-ACE antibody (2E2) that detects both isoforms was used throughout this study.
The presence of each protein constituent of the putative complex was first verified in non-capacitated and capacitated human sperm lysates through immunoblotting (Fig. 1B -D) . Probing these blots with appropriate primary antibodies confirmed the expected presence of a 70 kDa band corresponding to HSPA2 (Fig. 1A) , both sACE and tACE isoforms ( 140 kDa and 80 kDa, respectively) (Fig. 1B) , and a single band at 48 kDa corresponding to the PDIA6 (Fig. 1C) in populations of both non-capacitated and capacitated human spermatozoa.
To evaluate the interaction between these proteins, BN-PAGE was used to resolve native protein complexes from capacitated human spermatozoa (Fig. 1D) . Labelling of BN-PAGE immunoblots with anti-HSPA2, anti-ACE and anti-PDIA6 antibodies revealed that these three proteins partitioned into a predominant complex with an aggregate molecular weight of 180 kDa. This approximately equates to the combined molecular weights of the HSPA2, tACE, and PDIA6 proteins, 
BN-PAGE. (A-C)
The presence of Heat Shock Protein A2 (HSPA2), the somatic and testicular isoforms of Angiotensin Converting Enzyme (sACE and tACE, respectively) and protein disulfide isomerase A6 (PDIA6) was confirmed in both non-capacitated (NC) and capacitated (CAP) SDS-extracted sperm lysates using conventional western blotting techniques. (D) Native lysates from capacitated spermatozoa were resolved using Blue Native-PAGE and protein complexes were visualized by Coomassie staining or prepared for western blotting. Probing BN-PAGE blots with anti-HSPA2 resulted in the detection of this protein in five key protein complexes of aggregate molecular weights .100 kDa. Probing of corresponding blots with anti-ACE revealed the presence of its monomeric forms at 140 kDa (sACE) and 80 kDa (tACE) and its presence in a dominant complex with an aggregate molecular weight of 180 kDa (denoted by an arrowhead) that co-migrated with HSPA2. Probing an equivalent immunoblot with anti-PDIA6 confirmed the presence of this protein within the same complex and also revealed an additional subset of high molecular weight complexes (270-320 kDa) labelled with PDIA6.
HSPA2, ACE and PDIA6 interact in human spermatozoa thus suggesting they are capable of forming a stable complex under these experimental conditions (Fig. 1D ). As we have documented for HSPA2 (Redgrove et al., 2012) , the labelling of each protein was not restricted to this single complex. Indeed, anti-ACE antibodies also labelled two lower molecular weight bands of 140 and 80 kDa which likely correspond to the sACE and tACE monomers. Similarly, anti-PDIA6 also cross-reacted with an additional four complexes of aggregate molecular weights exceeding 240 kDa, however a band corresponding to the monomeric form of PDIA6 protein was not detected (Fig. 1D) .
To further confirm the interaction between HSPA2, ACE and PDIA6, non-capacitated and capacitated sperm lysates were precipitated with anti-HSPA2 and the eluates were tested for the presence of each target protein. As shown in Fig. 2A , this technique was effective in isolating the bait protein, HSPA2, along with its corresponding targets, ACE and PDIA6. As shown in Fig. 2B , dominant bands of 140 kDa and 80 kDa corresponding to sACE and tACE, respectively, were present in both the lysate and elution lanes for non-capacitated and capacitated spermatozoa. Similarly in Fig. 2C , bands of 48 kDa were detected in the lysate controls and elution lanes upon probing for anti-PDIA6. The specificity of the immunoprecipitation assay was verified through inclusion of antibody-only (Ab-only) and bead-only controls in addition to the preclear bead eluate ( Fig. 2A-C) .
Localization of ACE, PDIA6 and HSPA2 in the human testis
Given that a putative interaction between ACE, PDIA6 and HSPA2 was supported by our BN-PAGE and immunoprecipitation results, we next sought to investigate whether this interaction originates during germ cell development in the human testis. Although the ability to study protein interactions in testicular germ cells is compromised by limited access to non-pathological human testis material, testis sections were sourced from a commercial supplier and the localization of ACE, PDIA6 and HSPA2 was explored using immunohistochemical analysis. Notwithstanding the poor morphology within these sections that restricted our ability to identify precise stages of germ cell development, we were nonetheless able to demonstrate that the HSPA2 chaperone was present in both early and later stage germ cells (Fig. 3A and H) . In contrast, ACE labelling was restricted to later stage (likely post-meiotic) germ cells ( Fig. 3B and D) with clear co-localization between HSPA2 and ACE observed in these cells (Fig. 3C) . The presence of PDIA6 was observed in both early and later stage germ cells (Fig. 3E and G) with additional labelling of the peripheral spermatogonia. HSPA2 was also detected in these peripheral cells of the testis and co-localization of HSPA2 and PDIA6 was clearly seen in this region (Fig. 3I ) in addition to that of later stage germ cells. In contrast, co-localization of ACE and PDIA6 was revealed solely in later stage germ cells (Fig. 3F) . In view of the co-localization of PDIA6, ACE and HSPA2 in the maturing germ cells of the testis we next sought to confirm the interaction between these proteins in mature spermatozoa.
Localization of ACE, PDAI6 and HSPA2 in non-capacitated and capacitated spermatozoa
The localization of HSPA2, ACE, and PDIA6 in human spermatozoa was investigated through immunocytochemistry, revealing that each protein clearly resided within the peri-acrosomal region of the sperm head (Fig. 4A ) in over 80% of both non-capacitated and capacitated sperm populations (Fig. 4C) . Furthermore, dual-labelling experiments revealed overlapping expression patterns of each of these proteins within this peri-acrosomal domain (Fig. 4B) of the spermatozoa and was not influenced by their capacitation status (Fig. 4D) . Interestingly, the peri-acrosomal labelling of PDIA6 was also accompanied by an additional foci of intense staining within the equatorial region of non-capacitated and capacitated spermatozoa. Labelling of the sperm midpiece was consistently observed for HSPA2, ACE and PDIA6 in non-capacitated and capacitated spermatozoa with faint HSPA2 and PDIA6 labelling also detected in the tail.
To further visualize the interaction between these proteins in situ a Proximity Ligation Assay (PLA) was used (Fig. 5) . PLA signal, detected as punctate red fluorescence, was observed across the head of noncapacitated and capacitated spermatozoa (counterstained with DAPI) that were interrogated with coupled antibodies; anti-HSPA2 and anti-ACE; anti-ACE and anti-PDIA6; anti-HSPA2 and anti-PDIA6 with their corresponding PLA probes (Fig. 5A) . Interaction between HSPA2 and ACE appeared primarily restricted to the peri-acrosomal region of the head, with similar findings for PDIA6 and HSPA2. While periacrosomal PLA labelling was also detected for ACE and PDIA6, additional staining was observed in the post-acrosomal and equatorial region, possibly reflecting the localization of PDIA6 observed in Fig. 4 . Importantly, the specificity of all PLA reactions was confirmed by incubating antibodies against each putative HSPA2-binding protein with an irrelevant antibody (anti-tubulin; Fig. 5B ).
Examination of HSPA2-binding proteins in membrane rafts
Given the conserved localization of these proteins in the peri-acrosomal region of the sperm head, we were interested in determining whether their positioning may be influenced by their inclusion in membrane microdomains or 'rafts' within the human sperm head. Indeed, our previous work has identified both ACE and HSPA2 within the detergent resistant membrane fraction of human spermatozoa and PDIA6 present in analogous fractions in mouse spermatozoa (Nixon et al., 2009) . Consistent with our previous findings we were able to demonstrate a capacitation-associated re-localization of membrane rafts Tanphaichitr et al., 2015) , whereby the uniform distribution of CTB across the sperm flagellum and anterior head in non-capacitated cells, was replaced with a restricted pattern of raft labelling primarily within the peri-acrosomal head and midpiece of capacitated spermatozoa (Fig. 6 ). Co-localization of ACE, PDIA6 and HSPA2 with the membrane raft marker of CTB confirmed the presence of each protein within the membrane raft enriched region of the periacrosomal sperm head of capacitated cells (Fig. 6) .
Examination of the surface dynamics of ACE and PDIA6 in human spermatozoa
In terms of the extracellular location of our proteins of interest, the use of a live cell labelling assay (Fig. 7) produced results consistent with our previous studies suggesting that HSPA2 is not detectable on the sperm surface under our non-capacitating or capacitating conditions. Similarly, ACE labelling of live cells revealed a small subset of noncapacitated cells with surface labelling (15%), and again this profile was not significantly influenced by the capacitation status of these cells. In marked contrast, PDIA6 labelling of spermatozoa revealed a marked increase in detectable surface fluorescence after capacitation with 7% of non-capacitated cells and 72% of capacitated cells displaying PDIA6 surface expression (P , 0.001; Fig. 7A ).
Interestingly, these data are analogous with our previous studies evaluating SPAM1/ARSA complex dynamics, with the increased detectable surface expression of PDIA6 reminiscent of the increase in detectable ARSA surface expression shown previously (Redgrove et al., 2013) . In a more recent study, we have demonstrated that this surface expression of ARSA could be perturbed by the induction of oxidative stress with H 2 O 2 prior to capacitation (Bromfield et al., 2015b) . Given this, we were interested in determining whether this phenomenon extended to other HSPA2-binding proteins.
Pretreatment of spermatozoa with 50 mM hydrogen peroxide (H 2 O 2 ) prior to capacitation resulted in a significant reduction of detectable 
PDIA6 through immunoprecipitation. (A -C)
Confirmation of interactions between HSPA2, ACE and PDIA6 in non-capacitated and capacitated spermatozoa was sought using an immunoprecipitation approach in which HSPA2 was used as bait to pull down interacting partners. The captured sperm proteins were eluted from protein G beads and resolved on SDS-PAGE gels alongside an antibody-only control (Ab control), a bead-only control (Bead control), non-capacitated (NC) and capacitated (CAP) sperm lysate and precleared controls. (A) HSPA2 IP blots were probed with anti-HSPA2, and the specificity of the IP was confirmed through the detection of a 72 kDa band in both the elution and lysate lanes but importantly not in the control lanes. Probing corresponding blots with anti-ACE (B) revealed the presence of sACE and tACE in both the IP eluates at 80 kDa and 140 kDa, respectively, and in the lysate lanes (denoted by an arrowhead) but again not in the control lanes. (C) Probing corresponding blot with anti-PDIA6 resulted in the detection of PDIA6 at 50 kDa in both the eluates and in the lysate lanes but not in the control lanes. This assay indicated that both ACE and PDIA6 could be immunoprecipitated from noncapacitated and capacitated human spermatozoa using anti-HSPA2. PDIA6 surface labelling ( Fig. 7B ; P , 0.05). Comparable to our previous data, inclusion of the nucleophile penicillamine in capacitating media was able to significantly reduce the effects of H 2 O 2 on PDIA6 surface labelling resulting in statistically similar levels of PDIA6 to the capacitated control (P . 0.05). This is likely to be attributable to the lipid peroxidation product scavenging ability of penicillamine . Notably, these treatments did not augment the expression of either ACE or HSPA2.
The effect of ACE inhibition on sperm capacitation
In view of our evidence for the stable interaction between HSPA2, ACE and PDIA6 in both developing and mature germ cells we next aimed to investigate a role for this complex in sperm function. In the absence of specific pharmacological inhibitors that target PDIA6, we instead elected to focus on the impact of ACE inhibition using the highly selective ACE inhibitor, captopril.
For these studies, sperm were capacitated in media supplemented with concentrations of captopril (25 mM -200 mM) that have previously been shown to elicit potent ACE inhibition in vitro (Foresta et al., 1991) . Regrettably, a lack of homologous human zona pellucida prevented us from directly evaluating the effect of captopril on sperm interaction with, and/or penetration of, the zona pellucida. However, as shown in Fig. 8A -C, even the highest concentrations of captopril had no overt effects on the progression of human spermatozoa through the in vitro capacitation process. Specifically, no significant effect of captopril was seen on sperm motility (Fig. 8A) and similarly, staining of spermatozoa with Merocyanine 540 and phosphotyrosine revealed that captopril treatment did not compromise capacitation-associated increases in either membrane fluidization or the signalling pathways underpinning tyrosine phosphorylation, respectively (Fig. 8B and C) . Indeed, we documented a significant, 6-fold increase in membrane fluidity and a 60% increase in anti-phosphotyrosine labelling of the sperm flagella, a result characteristic of sperm capacitation, in either the presence or absence of captopril ( Fig. 8B and C) .
Notwithstanding these results, spermatozoa capacitated in the presence of captopril proved refractory to calcium ionophore challenge. Indeed captopril treatment elicited a potent, dose-dependent inhibition of agonist (A23187) induced acrosome reaction rates (Fig. 8D) . At the Figure 4 Immunolocalization of HSPA2, ACE and PDIA6 in non-capacitated and capacitated human spermatozoa. (A) Immunolocalization of each protein of interest was performed with anti-HSPA2, anti-ACE and anti-PDIA6 antibodies on spermatozoa that had been held in either a non-capacitated state in a modified BWW medium lacking NaHCO 3 2 , or in BWW supplemented with 25 mM NaHCO 3 2 , 3 mM pentoxifylline and 5 mM dibutyryl cyclic AMP. (B) The colocalization of these proteins was established in non-capacitated and capacitated spermatozoa by dual labelling with antibodies to HSPA2/ ACE, ACE/PDIA6 and PDIA6/HSPA2 with representative images for capacitated spermatozoa displayed with their corresponding phase images. (C) Labelling patterns were quantified by recording the percentage of spermatozoa that stained positively for HSPA2, ACE and PDIA6 across the peri-acrosomal head with 100 cells examined per slide. (D) Colocalization of HSPA2/ACE, ACE/PDIA6 and PDAI6/HSPA2 was quantified in capacitated spermatozoa with 100 cells per slide scored for peri-acrosomal co-localization of each set of proteins. Images were taken on a confocal microscope using a ×60 objective. *P , 0.05 between non-capacitated and capacitated cells. Scale bars ¼ 3 mm.
HSPA2, ACE and PDIA6 interact in human spermatozoa highest dose of 200 mM captopril only 13% of capacitated spermatozoa proved capable of undergoing acrosomal exocytosis compared with 43% in the capacitated control (P , 0.01). Such data suggest that at least one function of the HSPA2, ACE, PDIA6 characterized in this study is modulation of the acrosomal responsiveness of human spermatozoa.
Discussion
Complete fertilization failure occurs in 5 -15% of conventional IVF treatments (Li et al., 2014) and while this lesion is undoubtedly attributed to a number of factors, defects in sperm-egg recognition are known to be a major underlying aetiology (Liu and Baker, 2000; Li et al., 2014) . While a highly predictive test for fertilization success remains to be developed, the potential use of HSPA2 as a positive biomarker of fertilization success has been widely discussed (Cayli et al., 2003; Redgrove et al., 2012 ; as reviewed by Nixon et al., 2015) . More recently, the germinal isoform of ACE has also been reported to have predictive value for human IVF success (Li et al., 2014) . Specifically, spermatozoa of patients that have failed fertilization or have a low fertilization rate are commonly deficient in tACE expression and this may be causally related to a TT genotype in the rs4316 single-nucleotide polymorphism of tACE (Li et al., 2014) . Excitingly, in the current study we provide the first evidence that HSPA2 and ACE form a stable interaction in human spermatozoa, which appears to be initiated in the post-meiotic germ cells of the testis. ACE is perhaps best known for its role in the renin-angiotensin system where it is responsible for the cleavage of angiotensin I to the vasoconstrictor angiotensin II (Skeggs, 1993) . However, it is becoming increasingly clear that the protein has a diverse range of additional biological functions, including renal development, modulation of immune response and the aetiology of many disease states such as nephropathy, heart failure and hypertension (as reviewed by Bernstein et al., 2013) . In addition, somatic ACE consists of two homologous catalytic domains (N-and C-terminal domains) that allow it to process a diverse range of substrates through its carboxypeptidase activity (Skidgel and Erdos, 1987; Masuyer et al., 2014) . By comparison, tACE has a unique 66 amino acid N-terminal sequence and hence possesses only a single catalytic domain, despite the C-terminal portion being identical to somatic ACE (Howard et al., 1990) . In an elegant transgenic mouse model featuring the substitution of tACE with sACE it was clearly shown that the two isoforms are functionally non-equivalent. Indeed, the severe subfertility associated with tACE ablation could not be rescued by sACE expression (Kessler et al., 2000) .
In the present study, we identified a novel association between ACE, HSPA2 and the protein disulfide isomerase, PDIA6 (previously ERP5), in a single protein complex in human spermatozoa. The combined molecular weight of this complex suggests that it specifically incorporates the tACE isoform. The presence of a higher molecular weight band that likely corresponds to the sACE monomer may be due to the abundance of sACE in seminal plasma. As suggested by Nikolaeva and colleagues, somatic ACE can passively absorb to the surface of spermatozoa and thus it is difficult to assess the presence of tACE in a given cell lysate without contamination of sACE (Nikolaeva et al., 2006) .
Our localization studies of ACE, HSPA2 and PDIA6 in human testis tissue suggest that an interaction between these proteins is initiated in testicular germ cells. All three proteins co-localized within the later-stage germ cells of the testis, consistent with previous studies suggesting that HSPA2, ACE and PDIA6 each fulfil important functions in post-meiotic germ cells (Govin et al., 2006; Van Lith et al., 2007; Fujihara et al., 2013) . In the mouse, quality control (QC) complexes, such as those comprising calreticulin (CALR3) and the protein disulfide isomerase homolog (PDILT) in the testis (Tokuhiro et al., 2012) , or Protein disulfide isomerase 3 (PDIA3) and calnexin (CANX) in somatic cells (Antoniou et al., 2002) , are employed to ensure appropriate protein function. As in the case of ADAM3 processing, such testicular QC complexes regulate disulfide bonding and direct glycoprotein folding in the endoplasmic reticulum and thus appear to be crucial in equipping spermatozoa with their fertilizing ability (Tokuhiro et al., 2012) . The co-localization of PDIA6 and HSPA2 in the testis leads us to speculate that these two proteins may be components of similar machinery in the human and that their cooperative function may be important for the processing of polypeptides Figure 5 Proximity ligation of HSPA2, ACE and PDIA6 in human spermatozoa. (A) A proximity ligation assay was used to further confirm the interactions between HSPA2, ACE and PDIA6 in human spermatozoa. This assay results in the production of punctate red fluorescent signals when proteins of interest reside within a maximum of 40 nm from each other. For clarity, spermatozoa were counterstained with DAPI. As shown in (A), positive PLA signals, appearing as a number of discrete red fluorescent spots, were detected in the head of both non-capacitated and capacitated sperm populations using dual labelling with antibodies to HSPA2, ACE, PDIA6 and their corresponding oligonucleotide-conjugated secondary antibodies (PLA probes). The fluorescence signal was visualized using fluorescence microscopy using a ×100 objective, scale bars ¼ 3 mm. (B) To verify the specificity of this signal, anti-PDIA6 or anti-ACE antibodies were used in combination with anti-tubulin (an unrelated protein) and corresponding PLA probes. This resulted in no PLA signals observed in either noncapacitated or capacitated spermatozoa. Images were taken using a ×40 objective lens, scale bars ¼ 3 mm. implicated in fertilization. Interestingly, ACE is heavily reliant upon such processing to maintain its dimerized form via a 'disulfide zipper' consisting of disulfide bonds between six highly conserved cysteines (Sturrock et al., 1996) . ACE has been characterized as a redox sensor as it is highly resistant to redox reduction (Moskowitz and Johnson, 2004) and exists predominantly in its oxidized form. Maintenance of this oxidized state is likely to require the concerted action of protein disulfide isomerases such as PDIA6 (Ellgaard and Ruddock, 2005) . Figure 6 Co-localization of HSPA2, ACE and PDIA6 with the membrane raft marker Cholera toxin B (CTB) in human spermatozoa. Non-capacitated and capacitated spermatozoa were labelled with Alexa fluor 488 conjugated CTB prior to fixation and then subjected to immunocytochemistry with anti-HSPA2, anti-ACE and anti-PDIA6 antibodies and counterstained with DAPI (+DAPI). Results confirmed the redistribution of CTB-labelled membrane rafts during capacitation resulting in a coalescence of these membrane microdomains in the sperm head. Colocalization revealed the presence of HSPA2, ACE and PDIA6 within these CTB labelled regions of the sperm head after capacitation (MERGE). Fluorescence and phase images were recorded using a ×40 objective, scale bars ¼ 3 mm.
HSPA2, ACE and PDIA6 interact in human spermatozoa
In mature spermatozoa, HSPA2, ACE and PDIA6 co-localization was observed predominantly, although not exclusively, in the peri-acrosomal region of the head. Due to the presence of a J-domain in protein disulfide isomerases, they have previously been predicted to co-operate with alternative chaperones of the HSP70 family in the testis (Cunnea et al., 2003; Hosada et al., 2003) . However, to the best of our knowledge this is the first report of an interaction between PDIA6 and HSPA2 in mature spermatozoa.
Consistent with their involvement in a single protein complex in human spermatozoa, each of the three target proteins were shown to co-localize with a well-defined marker of membrane rafts within the anterior region of the sperm head. These microdomains are commonly Figure 7 Sperm surface analysis of HSPA2-interacting proteins. (A) The presence of HSPA2, ACE and PDIA6 on the surface of live spermatozoa was assessed using appropriate primary antibodies in non-capacitated and capacitated spermatozoa, followed by Alexa Fluor-conjugated secondary antibodies and propidium iodide (PI) as a counterstain to assess cell viability. Positive control incubations were labelled with anti-CD59. The percentage of live sperm expressing surface fluorescence in each population was evaluated using a fluorescence microscope, scoring 200 cells across three biological replicates. Statistical analyses were performed using a Students t-test, ***P , 0.001. (B) Oxidative stress was induced in populations of human spermatozoa through treatment with 50 mM hydrogen peroxide (H 2 O 2 ) for 1 h. Treated spermatozoa were then washed once in non-capacitating BWW and then capacitated under standard capacitating conditions or in the presence of capacitating media supplemented with 1 mM D-penicillamine. A population of non-capacitated cells was also prepared under standard non-capacitating conditions. The presence of HSPA2, ACE and PDIA6 on the surface of live spermatozoa was assessed by labelling with appropriate primary antibodies, followed by Alexa fluor-conjugated secondary antibodies and propidium iodide (PI) as a counterstain to assess cell viability. As a positive control, cells from each treatment were also labelled with anti-CD59. The percentage of live sperm expressing surface fluorescence in each population was evaluated using a fluorescence microscope, scoring 200 cells across three biological replicates. Statistical analyses were performed using a Students t-test, *P , 0.05, compared with capacitated cell population labelled with PDIA6. This assay showed that PDIA6 surface expression was significantly reduced by treatment with H 2 O 2 but this effect could be attenuated by the inclusion of penicillamine during sperm capacitation.
laden with molecular chaperones (Nixon et al., 2009 Tanphaichitr et al., 2015) and have an important role in the translocation and/or clustering of receptor proteins in the sperm head in preparation for their interaction with the zona pellucida. It is therefore tempting to speculate that the raft domains may provide a platform to assist with the recruitment of HSPA2-interacting proteins and thus assembly of important multimeric complexes in the anterior region of the human sperm head (Redgrove et al., 2011 (Redgrove et al., , 2012 reviewed by Bromfield and Nixon, 2013) . Certainly, such positioning would be crucial for ACE to fulfil its putative role in the cleavage of glycophosphatidylinositol (GPI)-anchored proteins, such as TEX101 (Fujihara et al., 2013) . In addition, the clustering of membrane rafts and their constituent receptor proteins is known to be an efficient means of signal regulation (Simons and Toomre, 2000) . In this context, it is well known that ACE plays a key role in the regulation of Figure 8 The effect of ACE inhibition on sperm motility, capacitation and an agonist induced acrosome reaction. Human spermatozoa were incubated under non-capacitating (NC) or capacitating conditions (CAP) or in capacitating media supplemented with 25 -200 mM captopril, an inhibitor of ACE. The percent total motility of these cells was then evaluated using phase-contrast microscopy (A). (B) An aliquot of live spermatozoa from each treatment was stained with Merocyanine 540 and Sytox green to assess membrane destabilization/fluidity and cellular viability, respectively. Cells were then assessed for membrane fluidity by recording the proportion of 100 viable cells that displayed red Merocyanine 540 fluorescence across the sperm head. (C) An aliquot of cells from each treatment were fixed in 4% paraformaldehyde and incubated with a FITC-conjugated antibody to phosphotyrosine (a-PT66). Cells were scored as phosphotyrosine positive if they displayed complete labelling of the flagella with a total of 100 cells from each treatment evaluated. (D) Following capacitation, sperm from CAP and captopril-treated populations were treated with 1.25 mM calcium ionophore (A23187) to induce acrosomal exocytosis or a DMSO control. Acrosome reacted cells were recorded through the use of TRITC labelled Peanut Lectin Agglutinin (PNA). An absence of PNA labelling over the acrosomal region indicated an acrosome reacted cell. Statistical analyses were performed using a Students t-test, *P , 0.05, **P , 0.01, compared with CAP.
HSPA2, ACE and PDIA6 interact in human spermatozoa several signalling pathways (Santhamma and Sen, 2000; Fleming, 2006; Kohlstedt et al., 2006) .
In mouse spermatozoa, the primary role of tACE appears to rest with its ability to regulate the processing of ADAM3 prior to sperm-egg interaction (Yamaguchi et al., 2006; Fujihara et al., 2013 Fujihara et al., , 2014 . However, given that human spermatozoa do not express an ADAM3 orthologue (Frayne and Hall, 1998; Okabe, 2015) , determining the function of tACE in these cells has proven to be an ongoing challenge with a number of opposing models being actively debated (as reviewed by Bernstein et al., 2013) .
In recent studies, the GPIase activity of tACE has been implicated in the shedding of GPI-anchored proteins such as SPAM1 and TESP5 on the sperm surface prior to contact with the zona pellucida (Kondoh et al., 2005) . Interestingly, the loss of SPAM1 from the human sperm surface supports our previous observations that this hyaluronidase shows a decrease in surface expression after capacitation (Redgrove et al., 2012) . The loss of this intrinsic GPI-ase activity in ACE null mice is proposed to account for the loss of zona pellucida binding ability observed in these mice and hence their infertility (Kondoh et al., 2005) . However, the interpretation of these results has drawn criticism owing to the fact that ACE is unable to access GPI-anchored proteins without prior disruption of membrane rafts using filipin. This has led to the proposal that the infertility of male ACE null mice can be attributed to the loss of the dipeptidase activity of ACE (Fuchs et al., 2005; Leisle et al., 2005) . However, it should also be considered that the use of exogenous ACE to verify its GPIase activity may result in issues of sterical hindrance that can only be overcome by the use of filipin, an issue that is not apparent for intrinsic ACE. Alternatively, the depletion of cholesterol during physiological capacitation, or indeed that induced by filipin, may be required for the induction of ACE activity. Interestingly, despite its purported roles in the mouse, inhibition of ACE in human spermatozoa did not appear to result in impaired sperm -zona pellucida interaction but did result in reduced penetration of the oolemma of zona pellucida-free hamster oocytes (Kohn et al., 1998) .
Using monoclonal antibodies to ACE, the surface expression of this protein has been previously reported in ejaculated human spermatozoa (Nikolaeva et al., 2006) . Despite this, our examination of protein surface expression revealed that only a modest subset of the sperm population present ACE on their surface. This result does not appear to support the hypothesis that ACE is solely responsible for the loss of GPI-anchored proteins. However, ultrastructural studies have indeed localized ACE to the acrosomal, equatorial and post-acrosomal regions of the sperm head plasma membrane (PM), although this study did not quantify the proportion of the sperm population possessing surface tACE (Kohn et al., 1998) . Additionally, a pool of immunoreactive ACE was found on the outer acrosomal membrane of PM-compromised cells (Kohn et al., 1998) . In somatic cells, the interaction of ACE with HSPA5, a chaperone of the HSP70 family, has been shown to regulate its expression at the plasma membrane (Santhamma and Sen, 2000) . While it may be possible that HSPA2 plays a similar role in regulating ACE at the sperm surface, no obvious change in the localization of ACE was observed over the course of the capacitation process during which HSPA2 is likely to be activated by phosphorylation (Redgrove et al., 2013) .
Conversely, detectable PDIA6 surface fluorescence dramatically increased in the capacitated sperm population. In this light, the dynamic reshuffling of existing surface proteins after sterol loss, combined with the orchestrated removal of other surface proteins during capacitation may result in the unmasking and/or presentation of PDIA6 epitopes that may be more readily detected by our antibodies. While this may suggest that the positioning of PDIA6 on the cell surface could be modified during capacitation, ultrastructural studies are required to confirm this finding and rule out the possibility that the early events of the acrosome reaction may lead to the exposure of some sperm proteins. Moreover, our observations of changes in PDIA6 surface fluorescence after the addition of the pro-oxidant H 2 O 2 and the antioxidant penicillamine may suggest the importance of the redox status of a subset of cell surface proteins to ensure their correct alignment or partitioning into functional complexes.
While the function of PDIA6 in human spermatozoa requires specific investigation, PDI proteins have been shown to regulate cell -cell adhesion as well as maintain the reductive status of the plasma membrane (Turano et al., 2002) . Indeed, proteins with disulfide isomerase activity have been widely implicated in regulation of the extensive conformational changes experienced by many elements of the fusion machinery before realizing their potential to facilitate cell-cell fusion (Sanders, 2000; Hogg, 2002; Matthias et al., 2002; Dun et al., 2012) . Of particular note, two of the candidate proteins implicated in gamete fusion, IZUMO1 on the sperm surface and CD9 on the egg plasma membrane, are known to possess disulfide residues in their extracellular domains (Ellerman et al., 2006) . Moreover, evidence for the participation of PDI family members in gamete fusion was uncovered in the mouse model through the use of broad-spectrum PDI inhibitors which elicited a potent inhibition of gamete fusion (Ellerman et al., 2006) . These studies also confirmed the presence of PDIA3 on the mouse sperm surface (Ellerman et al., 2006) . While we are unable to perform similar assays to evaluate human sperm-egg fusion, the surface expression of PDIA6 in human spermatozoa makes it a promising candidate for the regulation of cell adhesion and fusion processes in our own species.
The final series of experiments of this study focused on the use of the ACE inhibitor captopril during human sperm capacitation. Captopril binds to ACE through interaction with its thiol group leading to the formation of a zinc (II)-thiolate complex (Krassnigg et al., 1986) . The resulting adduct compromises the ability of ACE to participate in substrate binding. In this study we demonstrated that such ACE inhibition did not have a significant effect on sperm motility, membrane fluidity or protein tyrosine phosphorylation, suggesting that this protein is unlikely to play a key role in the regulation of capacitation. However, at the doses examined, captopril did suppress the ability of sperm to undergo agonist induced acrosomal exocytosis. This finding is in agreement with reports by Foresta and colleagues who have previously suggested that ACE plays a role in the completion of the acrosome reaction (Foresta et al., 1991) . Additionally, these authors observed a decrease in oocyte penetration rates when human spermatozoa were treated with captopril. Moreover, the localization of ACE to the outer acrosomal membrane of plasma membrane-compromised spermatozoa (Kohn et al., 1998) and the periacrosomal labelling of ACE observed in our study are both indicative of that the protein is suitably positioned for a role in modulating acrosome stability. This also conforms with studies in other species such as the pig, where ACE has been identified in the anterior head plasma membrane (Tanphaichitr et al., 2015) . Potential mechanism(s) by which ACE may regulate the acrosome reaction are numerous. Firstly, ACE has been reported to exhibit signalling behaviour through its ability to bind both PKC and calmodulin (Santhamma and Sen, 2000; Chattopadhyay et al., 2005; Fleming, 2006) .
In this way, interfering with ACE signalling may affect calcium second messengers that are required for activation of key acrosomal proteins (Breitbart et al., 1992) . Furthermore, the key product of ACE activity, angiotensin II, is known to activate MAP kinases, tyrosine kinases and metalloproteinases (Sachse and Wolf, 2007) as well as regulate intracellular calcium (Diaz-Torga et al., 1998) . The inhibition of angiotensin II would therefore be expected to have a negative effect on the acrosome reaction. However, an important caveat to these findings is that subfertility in men taking ACE inhibitors for hypertension has not been reported. While this may be explained by differences in the doses examined/administered, it does imply that captopril may work via an alternative mechanism to suppress sperm function. It is therefore clear that the role of ACE in the human sperm acrosome reaction needs to be evaluated in a more physiological setting before definitive conclusions can be drawn.
In conclusion, this study has demonstrated that ACE and PDIA6 are likely substrates of the molecular chaperone HSPA2 and form a stable interaction in the germ cells of the testis that persists into fully mature human spermatozoa. We have provided evidence for the partitioning of these proteins into the membrane raft components of the periacrosomal sperm head and preliminary evidence for the involvement of ACE in modulating agonist induced acrosomal exocytosis. As our research group, and others, have shown that HSPA2 is compromised in the spermatozoa of men with oocyte recognition defects, the characterization of these HSPA2-interacting proteins provides important insight into the complexity of the cellular pathways that may be affected in the spermatozoa of these infertile individuals.
